A concept for alloy design of hydrogen permeable membrane with high hydrogen permeability and long-term durability has been proposed in view of the PCT factor, f PCT , and the ductile-to-brittle transition hydrogen concentration, DBTC. As an example, V-10mol%Fe alloy has been designed for low operative temperature, which exhibits excellent and stable hydrogen permeability for at least 1000 hours at 573 K without brittle fracture.
Introduction
Hydrogen permeable alloy membranes are important key materials for hydrogen separation and puri cation technologies [1] [2] [3] [4] [5] . For example, Pd-Ag and Pd-Cu alloy membranes are widely used practically for these purposes 5) . Recently, there has been a great demand for the development of new hydrogen permeable alloys instead of Pd-based alloys in order to reduce the material cost as well as to improve the hydrogen permeability [6] [7] [8] [9] [10] [11] . Nb-based and V-based alloys are promising materials for hydrogen permeable membranes to be substituted for currently used Pd-based alloys. This is because they are less expensive and possess higher hydrogen permeability than currently used Pd-based alloys. However, there is still a large barrier to the practical application due to their poor resistance to hydrogen embrittlement 6, 12) .
Recently, the mechanical properties of niobium (Nb) and vanadium (V) membrane in hydrogen gas atmosphere at high temperature have been investigated by the in-situ small punch (SP) test method 13, 14) . It is found that a ductile-to-brittle transition occurs drastically at the hydrogen concentration around 0.2 0.25 (H/M) for both Nb and V membranes 13, 14) . This critical hydrogen concentration is referred to as the DBTC (the Ductile-to-Brittle Transition hydrogen Concentration). In order to prevent a brittle fracture of the membrane with group 5 metals such as Nb and V, the hydrogen concentration in the membrane must be controlled and kept below 0.2 (H/M) during the operation of hydrogen permeation.
On the other hand, the hydrogen permeation coef cient, Φ = D × K, is widely used as a measure indicating the hydrogen permeation ability of metals and alloys, where D is the Fick s diffusion coef cient and K is the Sieverts solubility constant. However, the hydrogen ux through metal membrane cannot be explained consistently with Φ 15, 16) . Recently, we have proposed the following new description of hydrogen permeation based on hydrogen chemical potential 16) .
where J is the hydrogen ux, R is the gas constant, T is absolute temperature, B is the mobility of hydrogen atom, L is the membrane thickness, c 1 and c 2 are the hydrogen concentrations at the feed and permeation sides of the membrane, respectively. P is applied hydrogen pressure and P 0 is the standard hydrogen pressure (i.e., 101325 Pa). The mobility, B, corresponds to the inverse of friction coef cient to atomic migration, and is related to the diffusion coef cient, D = RTBf therm , where f therm is the thermodynamic factor. Here, it is important to note that the term d ln(P/P 0 )/dc in eq. (1) reects the gradient of the pressure-composition-isotherm (PCT curve), meaning that the hydrogen ux, J, is directly linked with the shape of the PCT curve of the material. The integral term in eq. (1) is rede ned as the PCT factor, f PCT , because it can be determined by analyzing the PCT curve of the alloy under given pressure condition. The validity of eq. (1) has been con rmed by various hydrogen permeation tests with pure niobium, Nb-based and Pd-based alloy membranes [16] [17] [18] . Thus, the hydrogen ux through metal membrane can be explained consistently with eq. (1). From these two points of the f PCT and the DBTC, we have recently proposed the most practical way to design non Pd-based alloy composition with high hydrogen ux while preventing brittle fracture during the operation 16, 18, 19) . Following the concept, designed alloy possesses high hydrogen permeability without brittle failure due to hydrogen embrittlement.
For such non Pd-based alloy membranes, the catalytic overlayers on the surface with Pd or Pd-based alloy are considered to be essential to obtain practical hydrogen ux through them 20) . However, another problem arises when such Pd-coated composite membranes are used at high temperature, i.e., a signi cant degradation of hydrogen permeability occurs within a short time due to the interdiffusion of base metal and palladium to form intermetallic compounds such as Pd 3 Nb 21) .
Recently, Nakamura et al. have reported a novel phenomenon that the surface-oxidized pure V and V-based alloy membranes without Pd overlayer exhibits excellent hydrogen permeability and durability at high temperature as high as 823 K 22) . However, there are still many unknown factors for this phenomenon and further investigation is needed. Therefore, another way is desired to obtain good durability of the Pd-coated composite membranes.
One of the simplest ways to improve the durability of the membrane is lowering the operating temperature because the rate of the interdiffusion is expected to be reduced signi cantly at low temperature. In addition, the thermal ef ciency of the production of high purity hydrogen will be improved by operating the membrane at low temperature. It is also possible to reduce greatly the demand for heat resistance of the materials of the surrounding components. Thus, lowering the operating temperature has many merits for the production of high purity hydrogen using hydrogen permeable metal membranes.
In this study, V-based hydrogen permeable alloy membrane suitable for low operating temperature has been designed following the concept for alloy design. In addition, the alloying effects of iron on the hydriding property and hydrogen diffusivity of V-Fe alloy membrane are investigated quantitatively in order to establish a way to design optimal composition under any tempearture and pressure given conditions.
Concept for Alloy Design to Obtain High Hydrogen Permeability with Long Time Durability at Low Temperature
As mentioned above, one of the most realistic ways to keep the hydrogen permeability for long period is to decrease the operating tempearture of the membrane. However, decreasing the operationg temperature causes the following two problems.
First problem is decreasing the hydrogen permeability. The hydrogen diffusion in metal membranes is generally the ratelimiting process of the total reaction of hydrogen permeation through them. It is thought that reduce in the diffusion rate by lowering the operating temperature results in the low hydrogen permeability. Among group 5 metals, vanadium has the largest hydrogen diffusion coef cient and the smallest activation energy for hydrogen diffusion 23) . Therefore, in this study, vanadium is chosen for the base metal in order to obtain high hydrogen diffusivity even at low temperature.
Second problem is the hydrogen embrittlement. As men-tioned before, a ductile-to-brittle transition occurs drastically at the hydrogen concentration around 0.2 0.25 (H/M) for both Nb and V membranes 13, 14) . However, for group 5 metals, the hydrogen concentration increases signi cantly with decreasing temperature under the constant hydrogen pressure. Therefore, the hydrogen solubility needs to be suppressed largely in some way, for example by alloying. Recently, we have investigated the alloying effects on the hydring property of vanadium systematically 19) . It is found that iron and cobalt are the effective alloying elements to improve the resistance to hydrogen embrittlement by lowering hydrogen concentration. In this study, iron is chosen as an alloying element. Figure 1 is a schematic illustration of the PCT curves showing the concept for alloy design 16, 18, 19) . According to the concept, high hydrogen ux through metal membrane will be obtained at a given temperature and pressure condition by controlling the corresponding PCT curve, i.e., by shifting largely the PCT curve upper and left region. This is because the gradient of the PCT curve dln(P/P 0 )/dc in eq. (1) become steeper while keeping the hydrogen concentration below 0.2 (H/M). On the other hand, when the PCT curve is shifted excessively, the integral interval (c 2 c 1 ) and the hydrogen concentration, c, in eq. (1) become small. Therefore, the alloy composition must be designed to control the hydriding properties in an appropriate manner under given pressure and temperature conditions such as the PCT curve (ii) shown in Fig. 1 .
Experimental Procedure

Sample preparation
V-2.5mol%Fe, V-7.5mol%Fe and V-10mol%Fe alloys are melted by using a tri-arc furnace in a puri ed argon gas atmosphere. Each alloy is de ned as V-2.5Fe, V-7.5Fe and V-10Fe, respectively. The raw materials used in this study are 99.9 mass% for vanadium (Taiyo Koko, Co., Ltd.) and 99.99 mass% for iron (Kojundo Chemical Laboratory, Co., Ltd.). The chemical composition of each sample investigated in this study is listed in Table 1 . According to the V-Fe equi- librium binary phase diagram 24) , all these alloys are composed of a single solid solution phase with simple bcc crystal structure. In addition, XRD measurements are performed using Cu Kα radiation operating at 40 kV and 40 mA. Figure 2 shows the XRD pro le of each sample prepared from the ascast ingot. For comparison, the calculated powder diffraction pattern for pure V is also presented in the gure. It is conrmed that all the samples are composed of a single bcc phase, although the ratios of the peak intensities are different from that of powder diffraction due to large grain size of the as-cast ingot.
Pressure-composition-isotherm measurements
The pressure-composition-isotherms (PCT curves) are measured for V-2.5Fe, V-7.5Fe and V-10Fe alloys by using a Sieverts-type apparatus in order to investigate the hydrogen solubility. A small piece of each sample is set into a cell and activated several times prior to the measurements. The PCT curves are measured at 473 K-773 K up to about 2.5 MPa.
Hydrogen permeation tests
For hydrogen permeation test, disk samples of V-7.5Fe and V-10Fe alloys are prepared from the as-cast ingots. Also, a disk of pure vanadium is prepared from a pure vanadium ingot from Taiyo Koko Co., Ltd with the purity of 99.9 mass%. They are cut into disks with about ϕ12 mm in diameter and 0.65 mm in thickness by using a wire-cut electrical discharge machine. All the disk samples are annealed in vacuum at 1273 K for 24 hours. After the heat treatment, both sides of the disk samples are mechanically polished by alumina abrasive papers followed by the nal polishing with 9 μm and 1 μm diamond slurry. The nal thickness, L, of each sample is 0.542 mm for pure V, 0.508 mm for V-7.5Fe alloy and 0.437 mm for V-10Fe alloy, respectively.
Subsequently, Pd-27mol%Ag alloy of about 200 nm in thickness is deposited at 573 K on both sides of the sample surfaces by using an RF magnetron sputtering apparatus. This palladium overlayer acts as catalyst for hydrogen dissociation, dissolution and recombination reactions on the surfaces. It is noted here that Pd-27mol%Ag alloy is selected as catalytic overlayer in purpose. According to the Pd-H binary phase diagram, the α-α phase transition occurs at low tem- Table 1 Chemical composition of each alloy investigated in this study.
Sample
Chemical composition of Fe (mol%) perature below 566 K 25) , i.e., α phase with high hydrogen concentration forms in the α matrix. The crystal lattice of Pd expanses drastically and the coating layer is likely to be detached. It is well known that the addtion of silver into palladium suppresses the α-α phase trainsition by lowering critical temperature. For (Pd-27mol%Ag)-H pseudobinary system, the critical temperature of α-α phase trainsition is about 244 K 26) . Thus, the overlayer of Pd-27mol%Ag alloy is considered to be more suitable than that of pure Pd at low operative temperature.
The hydrogen permeation tests are performed at 573 K, 623 K and 673 K by the conventional gas permeation method. The testing conditions of the temperature as well as the feed and permeation hydrogen pressures applied in this study are listed in Table 2 . The hydrogen ux, J, which permeate through the disk sample is evaluated from monitoring the pressure change of a reserve tank with known volume. A detailed explanation of the hydrogen permeation test is given elsewhere 8) .
The steady-state hydrogen ux, J, is divided by the inverse of the membrane thickness, 1/L, in order to estimate the normalized hydrogen ux, J L. It is noted here that the atomic hydrogen ux, mol H m −1 s −1 , is evaluated in this study, which is twice as large as the gaseous hydrogen ux, mol H 2 m −1 s −1 .
Results and Discussion
Design of hydrogen permeable alloy membrane with long term durability
As an example of alloy design for low operative temperature, the temperature condition of hydrogen permeation test is set to be at 573 K and the hydrogen pressures at feed and permeation sides are xed to be 0.200 MPa and 0.010 MPa, respectively. Figure 3 shows the PCT curves for pure V 27) , V-2.5Fe, V-7.5Fe and V-10Fe alloys at 573 K. As shown in this gure, the PCT curves are shifted largely to upper and left region by the addition of iron into vanadium. The equilibrium hydrogen pressure at a constant hydrogen concentration 0.2 (H/M) for each metal or alloy is 0.005 MPa, 0.010 MPa, 0.070 MPa and 0.230 MPa, respectively. Thus, the hydrogen concentration in V-10Fe alloy can be kept below the DBTC (i.e., 0.2 (H/M)) even applying 0.200 MPa of hydrogen pressure at 573 K. Thus, V-10Fe has the appropriate hydriding property and is optimal composition among the V-Fe binary alloys tested in this study under the given temperature and pressure condition. Figure 4 shows the time dependence of the normalized hydrogen ux, J L, for V-10Fe alloy membrane under the given condition mentioned above. For comparison, the value of the normalized hydrogen ux for Pd-23mol%Ag alloy membrane at the same condition is estimated from the previous study 26) and drawn in the gure by a broken line. As shown in Fig. 4 , the normalized hydrogen ux, J L, for V-10Fe alloy membrane is about 5 times higher than that for Pd-23mol%Ag alloy membrane. The value of J L for V-10Fe alloy membrane is about 55 × 10 −6 mol H m −1 s −1 . For example, when the membrane thickeness is 50 μm, hydrogen ux, J, is estimated to be about 75 mL cm −2 min −1 . Thus, the hydrogen ux through V-10Fe alloy membrane is suf ciently large even at 573 K. In addtion, it is surprising that the hydrogen ux is very stable and nearly constant at least 1000 hours. According to Nakamura et al., the Pd-coated V membrane degrades drastically within a short time at 823 K, e.g., the hydrogen ux becomes almost zero during the rst 30 minutes 22) . Thus, an excellent durability of the membrane can be achieved by lowering the opertating tempertature down to 573 K.
After the hydrogen permeation test, the system is evacuated. Then the gas leak test is performed using helium in order to check the existence of any cracks on the disk sample. In addition, the disk sample is observed carefully. There is no evidence of cracking on the sample due to hydrogen embrittlement. Thus, the designed V-10Fe alloy membrane possesses excellent hydrogen permeability together with good durability without any brittle cracks due to hydrogen embrittlement.
Alloying effects on hydriding property
As explained above, it is demonstrated that our concept is useful for designing the alloys with high hydrogen permeability at low temperature. On the other hand, in order to design alloy composition under any given condition based on the concept, the alloying effects on the hydriding property must be understood. Therefore, in this study, the alloying effects of iron into vanadium on the hydriding property are evaluated quantitatively. Figure 5 shows the PCT curves for V-2.5Fe, V-7.5Fe and V-10Fe alloys. In view of the concept for the alloy design, the equilibrium hydrogen pressure at 0.2 (H/M) is one of the important parameter. Therefore, the equilibrium hydrogen pressure at 0.2 (H/M) for each alloy at each temperature is estimated by analyzing the PCT curves for V-Fe system shown in Fig. 5 and for pure V reported in the literature 27) . Figure 6 shows the correlation between the equilibrium hydrogen pressure at 0.2 (H/M) and the inverse of temperature. As shown in Fig. 6 , there is a linear correlation for each system. This relationship is expressed in the following van t Hoff equation.
where ∆H and ∆S are the partial molar enthalpy change and entropy change of hydrogen for hydrogen dissolution into metal or alloy, respectively. The linear correlations shown in Fig. 6 mean that ∆H and ∆S are almost independent of temperature at 0.2 (H/M). Therefore, the partial molar enthalpy change and entropy change of hydrogen for hydrogen dissolution into metal or alloy at 0.2 (H/M), ∆H 0.2 and ∆S 0.2 are estimated from the slope and the intercept of the line shown in Fig. 6 . Figure 7 shows ∆H 0.2 and ∆S 0.2 as a function of the mole fraction, x, of iron. ∆H 0.2 re ects the af nity of hydrogen for metal or alloy, and increases almost linearly by the addition of iron (i.e., endothermic element). On the other hand, ∆S 0.2 is almost constant and independent of x. The majority of ∆S 0.2 is the loss of the entropy of gaseous hydrogen due to hydrogen dissolution into metal. The partial molar entropy of hydrogen in metal or alloy also contributes to ∆S 0.2 . It is thought that the contribution of the con guration entropy is the largest among the partial molar entropy of hydrogen in metal. Therefore, the constant ∆S 0.2 shown in Fig. 7 means that the effects of iron atom on the interstitial site of hydrogen in vanadium is small. Thus, for V-Fe alloy, ∆H 0.2 and ∆S 0.2 are expressed by the following equations.
where ∆H i 0.2 and ∆S i 0.2 are the partial molar enthalpy change and entropy change of hydrogen for hydrogen dissolution into metal or alloy i at 0.2 (H/M). h V−Fe 0.2 is the regression coef cient which corresponds to the alloying effects of iron on the hydriding property of vanadium. The value of h V−Fe 0.2 in this study is estimated to be about 0.92 kJ mol −1 . It is important to noted that applying eqs. (2) (4), the equilibrium hydrogen pressure at 0.2 (H/M) can be estimated at any temperatures and mole fraction of iron without measuring PCT curve experimentally.
Alloying effects on the hydrogen diffusivity
According to eq. (1), not only the PCT factor, f PCT , but also the mobility for hydrogen diffusion, B, is important to estimate the hydrogen ux through metal membrane. Therefore, the alloying effects of iron on the mobility for hydrogen diffusion are evaluated quantitatively. Figure 8 shows the correlation between the normalized hydrogen ux, J L and the PCT factor, f PCT , for (a) pure V, (b) V-7.5Fe and (c) V-10Fe alloys, respectively. The value of PCT factor, f PCT , for each condition listed in Table 2 is estimated by analyzing the corresponding PCT curve shown in Fig. 5 . There is a linear relationship between the normalized hydrogen ux, J L, and the PCT factor, f PCT , for each system and each temperature. All the lines shown in Fig. 8 cross at the origin, indicating that the hydrogen permeation reaction takes place following eq. (1). The slope of the line shown in Fig. 8 corresponds to RTB/2, indicating that the mobility, B, for hydrogen diffusion is almost constant under the condition tested in this study and independent of hydrogen concentration. Thus, the new description of hydrogen permeability expressed by eq. (1) is applicable to not only Nb-based 16, 17) and Pd-based 18, 26) alloy membrane, but also V-based alloy membrane.
The mobility for hydrogen diffusion during hydrogen permeation can be evaluated from the slope of the line shown in Fig. 8 . The estimated value of the mobility is summarized in Table 2 . Figure 9 shows the Arrhenius plot of the mobility for hydrogen diffusion during hydrogen permeation for pure V, V-7.5Fe and V-10Fe alloys. As shown in Fig. 9 , there is a linear relationship for each system. Thus, the mobility, B, for hydrogen diffusion can be expressed in the following Arrhenius equation.
where E is the activation energy and B 0 is the pre-exponential factor. The activation energy, E, and the pre-exponential factor, B 0 , of the mobility for hydrogen diffusion are estimated from the straight line for each system shown in Fig. 9 , and they are summarized in Table 3 . Figure 10 shows the activation energy, E, and the pre-exponential factor, B 0 , as a function of the mole fraction, x, of iron. As shown in Fig. 10, E and B 0 are expressed by the following equation.
where E i and B i 0 are the activation energy, E, and the pre-exponential factor, B 0 for hydrogen diffusion in metal or alloy i . e V−Fe and b V−Fe correspond to the slope of the lines for E and B 0 shown in Fig. 10 , which represent the alloying effects of iron on the hydrogen diffusivity in vanadium. The values of e V−Fe and b V−Fe in this study are estimated to be about 1.54 kJ mol −1 and 0.26, respectively. From eqs. (1)- (7) and also from the results of Fig. 5 , the hydrogen ux can be estimated at any temperature, pressure conditions and mole fraction of iron. Figure 11 shows the correlation between the activation energy, E, and the pre-exponential factor, B 0 . As shown in this gure, there is a linear relationship. Thus, when the value of one factor decreases by alloying, the other factor also decreases linearly. Similar correlation has also been observed for Nb-based alloys 17) . The linear correlation between the activation energy and the pre-exponential factor in the Arrhenius equation is known as the Meyer-Neldel rule 28) . In this case, as shown in Fig. 9 , a line for a certain alloy (e.g., V-10Fe) intersects with the line for the base metal (i.e., pure vanadium) at a certain temperature, which is de ned as the intersection temperature, T int 17) . Here, T int is determined by the balance of the alloying effects on the activation energy and the pre-exponential factor, and the slope of the line shown in Fig. 11 corresponds to 1/RT int . Then, the value of T int for the system studied in this paper is estimated to be about 700 K. At lower temperature below T int , the hydrogen mobility is larger for V-Fe alloys than pure vanadium because the activation energy for hydrogen diffusion is smaller for V-Fe alloys than pure vanadium. Thus, the addition of iron into vanadium enhances the hydrogen diffusivity at low temperature below 700 K, which has positive effects on hydrogen permeable alloy membrane for low operative temperature. It is noted here that T int for V-based alloy membrane is little different from that for Nb-based alloy membrane, i.e., about 780 K 17)
Alloy design under given condition in view of the
four parameters, ∆H 0.2 , ∆S 0.2 , E and B 0 In this study, the alloying effects on the hydriding property and the hydrogen diffusivity are evaluated separately by the partial molar enthalpy and entropy of hydrogen for hydrogen dissolution at 0.2 (H/M), ∆H 0.2 and ∆S 0.2 , and the activation Fig. 9 Arrhenius plots of the mobility for hydrogen diffusion during hydrogen permeation for pure V and V-Fe alloys. Fig. 10 Correlation between the activation energy for hydrogen diffusion, E, and the pre-exponential factor, B 0 , and the mole fraction, x, of iron V-Fe alloy. Fig. 11 Correlation between the pre-exponential factor, B 0 , and the activation energy for hydrogen diffusion, E.
energy, E, for hydrogen diffusion and the pre-exponential factor, B 0 . On the other hand, as mentioned before, the hydrogen permeation coef cient, Φ, is widely used as a measure indicating the hydrogen permeation ability. Φ consists of the hydrogen diffusivity, D, and the hydrogen solubility, K, and these two properties have been evaluated individually in the previous study 10) . However, the hydrogen permeability cannot be explained consistently with Φ. For example, the hydriding property of the metal or alloy is not always expressed in a format of the Sieverts law.
On the other hand, the four parameters, ∆H 0.2 , ∆S 0.2 , E and B 0 , are useful for the deep understanding of the property of hydrogen permeable alloy membrane. Also, these four parameters are essential for the alloy design. Figure 12 shows the ow chart for the design of alloy composition, and the estimation of hydrogen ux through the designed alloy in view of the four parameters, ∆H 0.2 , ∆S 0.2 , E and B 0 . As an example, the temperature condition, T, is set to be 598 K. The pressure conditions at feed and permeation sides, P 1 and P 2 , are set to be 0.50 MPa and 0.10 MPa, respectively. As shown in Fig. 7 , the value of ∆S 0.2 is almost constant to be about −47 J mol −1 K −1 . Applying 0.50 MPa for P 1 , 598 K for T and −47 J mol −1 K −1 for ∆S 0.2 in eq. (2), the value of ∆H 0.2 is estimated to be about −24 kJ mol −1 . Substituting this value into ∆H V−x mol%Fe 0.2 in eq. (3), the iron concentration is estimated to be about 11 mol% to control the hydrogen concentration below 0.2 (H/M) under this condition. Thus, the appropriate iron concentration can be determined. From eqs. (6) and (7), the values of E V−11mol%Fe and B V−11mol%Fe 0 are estimated to be about 16 kJ mol −1 and 2.3 × 10 −11 m 2 s −1 mol J −1 , respectively. Substituting these values into eq. (5), the mobility for hydrogen diffusion in V-11mol%Fe alloy, B V−11mol%Fe , at 598 K is estimated to be about 8.7 × 10 −13 m 2 s −1 mol J −1 . On the other hand, from eqs. (2)-(4), and also from Fig. 5 , the PCT curve for V-Fe alloy with any composition of iron at any temperature can be estimated. Figure 13 shows the estimated PCT curve for V-11mol%Fe alloy at 598 K. From eq. (1) and Fig. 13 , the PCT factor, f PCT , under the condition applied is estimated to be about 24 × 10 3 mol m −3 . Substituting the values of B and f PCT into eq. (1), the normalized hydrogen ux, J L, is estimated to be about 50 × 10 −6 mol H m −1 s −1 . For example, when the thickness of the membrane, L, is 50 μm, the hydrogen ux, J, is estimated to be about 70 mL cm −2 min −1 . Thus, applying ΔH 0.2 , ∆S 0.2 , E and B 0 to alloy design, the appropriate alloy composition and the hydrogen permeability for the designed alloy can be estimated.
In this study, the alloying effects of iron into vanadium have been evaluated. However, the alloying effects of other elements need to be evaluated based on the four parameters, ∆H 0.2 , ∆S 0.2 , E and B 0 . It is also necessary to investigate not only V-based alloys, but also Nb-based and Ta-based alloys. Further investigation enables the design of optimal alloy composition under any temperature and pressure condition.
Summary
A concept for alloy design of hydrogen permeable membrane has been explained in view of the PCT factor, f PCT , and the ductile-to-brittle transition hydrogen concentration, DBTC. Following the concept, V-10Fe alloy for low operative temperature has been designed. It is demonstrated that the hydrogen ux through V-10Fe alloy membrane is excellent and very stable for at least 1000 hours without brittle fracture.
The alloying effects of iron on the hydriding property and the hydrogen diffusivity of vanadium have been investigated quantitatively in order to establish a way to design optimal composition under any given conditions. The addition of iron into vanadium increases monotonically the partial molar enthalpy change of hydrogen for hydrogen dissolution at 0.2 (H/M), ∆H 0.2 , but have little effects on the partial molar entropy change, ∆S 0.2 . In addition, both the activation energy, E, and the pre-exponential factor, B 0 , of the mobility for hydrogen diffusion decreases linearly with increasing the mole fraction of iron. As a result, the addition of iron into vanadium enhances the hydrogen diffusivity at low temperature below about 700 K.
Evaluation with the four parameters, ∆H 0.2 , ∆S 0.2 , E and B 0 , instead of D and K, or Φ, is useful for the deep understanding of the property of hydrogen permeable alloy membrane. Also, in view of these parameters, alloy composition can be designed and the hydrogen permeability of the designed alloy can be estimated quantitatively.
